Introduction {#sec1}
============

The Sun is by far the largest source of energy to the planet, and it controls, directly or indirectly, the vast majority of physical, chemical, and biological processes that take place on the Earth.^[@ref1]−[@ref3]^ Atmospheric chemistry is driven by photochemical processing, often from secondary reactions involving photochemically generated radical species.^[@ref4]−[@ref6]^ Indeed, photochemistry in the literature has often been synonymous with photo-oxidation by reactive oxygen species, including the predominant hydroxyl radical (OH).^[@ref7],[@ref8]^ Recently, however, there has been increased interest in the direct photochemistry of organic species, in both the gas and particle phase in the atmosphere, as well as at the sea surface microlayer.^[@ref4],[@ref9]−[@ref18]^ These photoactive organic species have also been shown to be capable of initiating further reactions with species that are not themselves photoactive.^[@ref10],[@ref13],[@ref14],[@ref19]−[@ref22]^ Such indirect photochemical processes include either energy transfer from the initially excited molecule to the excited state of another molecule (photosensitization), or, as is studied here, the reaction of one photochemically excited species with another, non-photoactive species (photoinitiation).

Reaction with OH is often considered to be the controlling factor governing the fate of species in the atmosphere because of its ability to react indiscriminately with most species, even those that are not particularly reactive.^[@ref7]^ Photoexcited organic species may act similarly,^[@ref23]^ but such processes have been subject to much less investigation in atmospheric chemistry.^[@ref24],[@ref25]^ With notable exceptions,^[@ref26],[@ref27]^ the contributions from organic radical reactions have rarely been compared to those of the ubiquitous OH radical reactions.^[@ref26]^ It has been shown that, in the aqueous phase, pyruvic acid is capable of initiating polymerization of methyl vinyl ketone (MVK) that is comparable to that from the corresponding reaction initiated by OH.^[@ref27]^ Both MVK and pyruvic acid are oxidation products of isoprene.^[@ref28]−[@ref31]^ MVK is a highly reactive species that, upon radical initiation, rapidly forms high molecular weight products.^[@ref19],[@ref27],[@ref29],[@ref32]−[@ref44]^ Pyruvic acid, an α-keto acid whose photochemistry has been studied extensively,^[@ref9],[@ref16],[@ref45]−[@ref56]^ reacts in the aqueous phase to generate oligomeric species via radical recombination.^[@ref9],[@ref51]−[@ref56]^ In this study, we show that α-keto acids can act as radical initiators, not only for highly reactive species like MVK, but also for relatively unreactive lipids, such as fatty acids and fatty alcohols, leading to the generation of covalently bonded molecules from the cross-reaction.

The reactions of these surface-active species are of particular interest because of the ubiquity of fatty acids and fatty alcohols in the sea surface microlayer^[@ref18],[@ref57],[@ref58]^ as well as their ability to partition and persist on atmospheric aerosol particles.^[@ref58]−[@ref62]^ The chemistry of these simple lipids, especially the fatty acids, has been studied to examine their volatile products, but comparatively little attention has been paid to the condensed phase products. The formation of higher molecular weight products through photoinitiated processes, as shown here, has the potential to modify the surfactant layer and contribute to secondary organic aerosol formation. Beyond this, the cross-reactions between a photoinitiator species and non-photoactive species that are discussed in this work show the disproportionately large effect a species may have on the overall reactivity of a mixture, even when the photoactive species is only a minor component.

Results and Discussion {#sec2}
======================

The aqueous phase photochemistry of α-keto acids, including pyruvic acid and OOA, has been studied in detail,^[@ref9],[@ref51]−[@ref56],[@ref63],[@ref64]^ allowing for mechanistic understanding of the available reactive pathways^[@ref52]−[@ref54],[@ref65]^ and their dependence on reaction conditions, such as solution pH^[@ref56]^ and the presence of oxygen.^[@ref54]^ The photochemistry of these species is characterized largely by the formation of radicals that recombine to form oligomeric species, including covalently bonded dimers and trimers.^[@ref66]^ Here, we examine the ability of these α-keto acids to initiate reactions with the fatty acids and fatty alcohols, hexanoic acid, nonanoic acid, 1-hexanol, and 1-nonanol, which themselves do not absorb solar actinic radiation.

In addition to the mixed solutions of α-keto acids and fatty acid or alcohol, control solutions consisting of the individual fatty acids and alcohols were also photolyzed. While fatty acids and fatty alcohols are not generally considered photoactive species within the relevant actinic spectrum, it has recently been suggested that some fatty acids, including nonanoic acid, may undergo photochemistry themselves, perhaps due to an enhancement of the triplet state at the air--water interface.^[@ref11],[@ref21],[@ref67]^ Our experimental conditions were chosen to probe bulk phase photochemistry and, therefore, used relatively dilute concentrations of all species. The concentrations used here for the C9 species may prevent observation of minor photochemical pathways. Under our experimental conditions, the distilled fatty acids and fatty alcohols do not appear to undergo photochemistry, with no changes observed in either NMR or ESI^--^ MS between the pre- and post-photolysis solutions ([Figures S1--S8, Tables S1--S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)). We also note that the higher concentration control of 100 mM nonanoic acid dissolved in methanol shows no photochemical reactivity under our experimental conditions ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)).

Each of the fatty acids and fatty alcohols investigated has weak absorbance in their respective UV--vis absorption spectra at ∼270 nm ([Figures S10 and S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)), which is slightly decreased in intensity following distillation ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)). For nonanoic acid, this peak has previously been assigned to its triplet state.^[@ref67],[@ref68]^ It is intriguing that the fatty alcohols also have a peak in this same wavelength region given that their electronic structures are quite different. Interestingly, upon photolysis of 20 mM hexanoic acid, while no new photoproducts are detected by NMR or ESI^--^ MS, the 270 nm peak in the UV--vis absorption spectra is preferentially depleted compared to the acid peak at ∼204 nm ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)). Such behavior can be explained if the observed 270 nm peak was due, at least in part, to an impurity. Regardless, these experimental controls make it clear that under our conditions, any observed photochemistry for the fatty acids and fatty alcohols stems from the α-keto acids acting as radical initiators.

As observed both by NMR and ESI^--^ MS ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Figures S14--S23](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)), the mixed solutions of fatty acids/alcohols with an α-keto acid initiator are dominated by photoproducts generated by radical recombination reactions between α-keto acid species ([Figures S24 and S25](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)).^[@ref53],[@ref65]^ Detailed ESI^--^ MS results are given in the Supporting Information ([Tables S1--S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)). It is not surprising that reactions between photoactive species dominate the observed results for these photolyses. However, new photoproducts are observed for the mixed solutions that are not present in either the α-keto acid or fatty acid/alcohol control photolyses. Namely, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, for each of the mixed solutions under consideration here, a new analyte is observed with an *m*/*z* corresponding to the molecular formula expected for the cross-product between the α-keto acid and the fatty acid/alcohol, evidence that organic radicals generated by photolysis of α-keto acids can react with fatty acids and alcohols. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows representative ESI^--^ MS data for the post-photolysis solution of 0.5 mM pyruvic acid and 0.8 mM nonanol, showing both the expected products for the photolysis of pyruvic acid, as well as the cross-product between pyruvic acid and nonanol (theoretical *m*/*z* = 231.1602). Full spectra, including pre-photolysis and methanol controls, are given for all photolyses between α-keto acid and fatty acid/alcohol in [Figures S19--S23](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf).

![Representative ESI^--^ MS of a solution of 0.5 mM pyruvic acid and 0.8 mM nonanol after 5 h of photolysis highlighting the formation of the mixed cross-product between the two species compared to major pyruvic acid photolysis products, dimethyl-tartaric acid (DMTA) and 2,4-dihydroxy-2-methyl-5-oxohexanoic acid (DMOHA).^[@ref52],[@ref53]^](oc-2018-00124k_0001){#fig1}

###### ESI^--^ MS Data for the Cross-Product between α-Keto Acid Initiator and Fatty Acid or Fatty Alcohol Species

                                 assigned formula \[M -- H\]^−^   theor. *m*/*z*   exp. *m*/*z*   mass diff. (ppm)   pre-hν[a](#t1fn1){ref-type="table-fn"}   post-hν[a](#t1fn1){ref-type="table-fn"}
  ------------------------------ -------------------------------- ---------------- -------------- ------------------ ---------------------------------------- -----------------------------------------
  pyruvic acid + hexanoic acid   C~9~H~15~O~5~^−^                 203.0925         203.0926       0.5                                                         M[b](#t1fn2){ref-type="table-fn"}
  pyruvic acid + hexanol         C~9~H~17~O~4~^−^                 189.1132         189.1143       5.6                                                         M
  pyruvic acid + nonanoic acid   C~12~H~21~O~5~^−^                245.1394         245.1400       2.3                                                         M
  pyruvic acid + nonanol         C~12~H~23~O~4~^−^                231.1602         231.1607       2.2                                                         M
  OOA + nonanol                  C~17~H~33~O~4~^−^                301.2384         301.2390       1.9                                                         M
  OOA + methanol                 C~9~H~17~O~4~^−^                 189.1132         189.1139       3.5                W                                        S

Signal intensities are given as weak (W), medium (M), or strong (S) as defined in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf). Blank entries mean no signal was observed above the threshold intensity.

There is also weak overlapping photoproduct generated with the same chemical formula in the control photolysis of pyruvic acid.

While not included in these results, we expect the cross-product of OOA and nonanoic acid to also be formed. However, the expected molecular formula from this product matches that of one of the major photoproducts of OOA, making its detection difficult. Similarly, there is a very minor product generated by the photolysis of pyruvic acid with the same chemical formula as the cross-product of pyruvic acid and hexanoic acid. The intensity observed by ESI^--^ MS is, however, increased dramatically in the mixed photolysis case, suggesting the new cross-product is, indeed, formed. It is unlikely that this change is simply due to differences in ionization efficiency, given the similar intensities observed for the other analytes across solution conditions. The cross-products for pyruvic acid with hexanol, nonanoic acid, and nonanol, as well as for OOA with nonanol, are observed following photolysis without any interference from photoproducts generated from the individual α-keto acids.

We propose that this cross-product is formed by hydrogen abstraction from the ground state fatty acid/alcohol by the triplet state α-keto acid (T~1~), leading to radical formation. This radical can then recombine with an α-keto acid radical in solution, forming the cross-product. A proposed mechanism for this process is shown for hexanoic acid and pyruvic acid in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The favored site of hydrogen abstraction on carboxylic acids is a matter of some debate in the literature.^[@ref69]−[@ref73]^ We have drawn hydrogen abstraction as occurring from the α-position of hexanoic acid, as is generally assumed to be favored for longer-tailed carboxylic acids.^[@ref69],[@ref71]^

![Proposed Hydrogen Abstraction and Recombination Pathway to Form the Cross-Product between Hexanoic Acid and Pyruvic Acid](oc-2018-00124k_0002){#sch1}

There is sufficient energy for the α-keto acid triplet state to induce hydrogen abstraction. Electronic structure calculations suggest that this is, in fact, possible. CBS-QB3 calculations for hydrogen abstraction from the α-position of propionic acid by triplet state pyruvic acid show that because of the relatively strong O--H bond that is formed after abstraction, this process is exothermic by ∼17 kcal/mol. It is worth noting that the calculation of the OH bond strength in this context requires that the heat of formation of the radical be compared with that of a hydrogen atom and pyruvic acid in its T~1~ state, not the ground state as would be usual for a bond energy calculation. The longer-tailed fatty acids ought to behave similarly to propionic acid, and it is likely that hydrogen abstraction can occur analogously for the fatty alcohols. While hydrogen abstraction may be favored at the α-position, ESI^--^ MS does not give structural information. Therefore, it is possible that the observed cross-products are due to a mix of constitutional isomers resulting from hydrogen abstraction at other sites on the molecule.

In principle, the radicals generated from hydrogen abstraction from the fatty acid/alcohol could recombine with each other to form the corresponding dimer product; however, these products are not observed here by ESI^--^ MS. This is likely because under our experimental conditions it is more probable that these radicals would first encounter a radical generated from an α-keto acid species. Also, any such oligomeric products may not be detected by ESI^--^ MS, especially those derived from the fatty alcohols, if they are not readily ionizable.

In addition to the solutions of α-keto acids and fatty acids dissolved in water, 6 mM OOA was dissolved in methanol and photolyzed at 4 °C. The photoproducts observed with the highest intensity by ESI^--^ MS are the same species generated during the aqueous photolysis of OOA ([Figure S26, Table S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf)). However, there is also an observable analyte that corresponds to the cross-product between OOA and methanol (exp. *m*/*z* = 189.1139). It is difficult to speculate on the relative ability of OOA to abstract a hydrogen from methanol compared to the other fatty alcohols under study here because the ratio of methanol is much larger than the 2:1 used in the other cases. However, the ability of OOA to cross-react with methanol is intriguing. Methanol is generally thought of as quite inert, so this observed cross-reaction is suggestive that the organic intermediates generated by the photolysis of α-keto acids are highly capable of hydrogen abstraction for many species beyond those considered here.

The ability of a few photoactive molecules to induce further reactions of non-photoactive species is of importance when considering the chemistry of air--water interfaces, such as those found on the SML or atmospheric aerosols. Lipids, such as those under study here, partition preferentially to air--water interfaces, and there is a considerable enrichment of organic material at surfaces.^[@ref74]^ Higher localized concentrations make it more likely for an organic radical to encounter and react with another species before being quenched, which may further enhance the effect of a low concentration of photoinitiators. Beyond favorable reaction conditions, the SML, aerosols, and clouds provide a rich mixture of species for potential reaction,^[@ref17],[@ref58],[@ref75],[@ref76]^ expanding beyond simple single-molecule systems. In this way, we are able to bring our fundamental mechanistic understanding of a model chemical system to bear on more complicated reactions in the natural environment.

Conclusions {#sec3}
===========

Here, we have focused on the condensed phase products generated by photoinitiated reactions between α-keto acids and other, non-photoactive organic surface active species, driving the abiotic increase in the molecular complexity of the system through broadband irradiation by a solar simulator. We have shown for five different cases that the cross-product between α-keto acid initiator and non-photoactive species is formed photochemically in aqueous solution. In addition, photolysis of 2-oxooctanoic acid dissolved in methanol is also observed to form the corresponding cross-product. The higher molecular weight products formed from photoinitiated processes are likely to be more surface-active than the simple lipids used as starting materials. This chemistry will further modify aqueous surfaces and generates organic material that could contribute to the formation of secondary organic aerosol. Direct photochemistry of organic molecules, such as α-keto acids, appears to be readily able to initiate reactions with even relatively unreactive species, including methanol. The impact of such photoinitiation by organic species on overall reactivity is not currently considered in atmospheric chemical processing. The results presented here suggest that under some conditions organic photochemistry may be competitive with other reactive processes, including reaction with hydroxyl radical. Further work is needed to better quantify the role that organic radical reactions and photoinitiated processes may play in the overall reactivity of organic species in the atmosphere, especially with comparison to OH.

Methods {#sec4}
=======

Pyruvic acid (98%), hexanoic acid (\>99.5%), 1-hexanol (hexanol, 98%), nonanoic acid (96%), and 1-nonanol (nonanol, 98%) were obtained from Sigma-Aldrich and distilled by heating under reduced pressure (\<1 Torr) to remove impurities. Pyruvic acid was distilled at \<55 °C and used within one month of distillation to ensure oligomers from dark processes were minimized.^[@ref77]^ Hexanol was heated to ∼50 °C, hexanoic acid to ∼80 °C, and nonanoic acid and nonanol were heated to ∼180 °C during distillation. In each case noticeable yellow impurities were removed upon distillation, leaving a clear, colorless liquid. Representative NMR spectra before and after distillation are shown in [Figures S27--S30](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf). 2-Oxooctanoic acid (OOA, ≥ 99.0%, Sigma-Aldrich) was used without further purification.

Photolysis solutions were made in a ∼1:2 ratio of α-keto acid initiator to fatty acid or alcohol, in the combinations reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The ratio of α-keto acid initiator to nonanol was slightly less than 1:2 because of solubility concerns. Control solutions of 10 mM pyruvic acid, 0.5 mM OOA, 20 mM hexanoic acid, 20 mM hexanol, 1 mM nonanoic acid, and 0.8 mM nonanol were also photolyzed, as were solutions of 6 mM OOA and 100 mM nonanoic acid dissolved in methanol (Fisher Scientific, 99.9%). Solutions were made using 18.2 MΩ (3 ppb TOC) water and then sonicated until fully dissolved. All solutions were used at the natural pH of the solution without further adjustment.

###### Experimental Solution Compositions

                                          α-keto acid conc. (mM)   fatty acid/alcohol conc. (mM)
  --------------------------------------- ------------------------ -------------------------------
  pyruvic acid and hexanoic acid (high)   10                       20
  pyruvic acid and hexanoic acid (low)    0.5                      1
  pyruvic acid and hexanol                10                       20
  pyruvic acid and nonanoic acid          0.5                      1
  pyruvic acid and nonanol                0.5                      0.8
  OOA and nonanol                         0.5                      0.9

Photolyses were conducted as described in Rapf et al. 2017.^[@ref53]^ Briefly, for each experiment, 100 mL of solution were prepared and ∼10 mL were saved as a pre-photolysis control. The remaining solution was photolyzed for 5 h using an unfiltered 450 W Xe arc lamp (Newport). It has previously been shown that photolysis with unfiltered light gives the same photoproducts as are observed when using a lamp equipped with a Pyrex filter to cut out light of wavelengths \<300 nm.^[@ref54],[@ref67]^ Higher concentration solutions were photolyzed in a temperature-stabilized water bath at 4 °C, while the lower concentration solutions were photolyzed at 20 °C due to solubility concerns for nonanoic acid and nonanol. Comparison of hexanoic acid photolyses at both temperatures showed no differences in products with changing water bath temperature. All solutions were purged with N~2~ beginning 1 h before the start of photolysis and continuing throughout the experiment to eliminate oxygen from the reactor. Oxygen-limited conditions favor the formation of oligomeric products from the aqueous photochemistry of α-keto acids,^[@ref54]^ which allows for easier identification and analysis of minor products, such as those under study here. No unexpected or unusually high safety hazards were encountered during the course of this study.

A variety of analytical techniques, including UV--vis and NMR spectroscopy and high-resolution negative mode electrospray ionization mass spectrometry (ESI^--^ MS), were used to characterize solutions. Instrument parameters for these techniques are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf).

Analysis of mass spectrometry data followed the procedure outlined in Rapf et al., 2017.^[@ref53]^ Aqueous solutions were diluted 1:1 with methanol prior to injection in the instrument. Photolysis samples that were conducted in methanol were also diluted with additional methanol (1:1) prior to analysis. In addition to the pre- and post-photolysis samples, methanol blanks of pure methanol were obtained before injection of samples and used to ensure the peaks observed were not due to prior contamination or carry-over of material from previous experiments. It is worth noting that ESI^--^ MS experiments are of limited use for identifying the fatty alcohols, hexanol and nonanol, because they are not expected to deprotonate under the ionization conditions used here. However, no differences were observed in the MS for these control experiments upon irradiation, and this was further confirmed by NMR spectra.

All ions assigned to a particular analyte were within at least 15 ppm of the theoretical mass for each experiment with typical mass differences of \<8 ppm. The experimental *m*/*z* and mass differences reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Tables S1--S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf) are average values combined across all experiments in which the analyte was detected. The analyses conducted here were not designed to be absolutely quantitative. Therefore, analyte intensities are only used for relative comparison, as they may not correlate directly with species concentration.

In addition to the experimental studies, electronic structure calculations for hydrogen abstraction from the α-position of propionic acid by triplet state pyruvic acid were also conducted. All calculations were performed with the Gaussian 09 suite of programs^[@ref78]^ and used the CBS-QB3 method of Petersson and co-workers.^[@ref79]^ The details of these calculations are provided in [Tables S7--S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00124](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00124).Instrument parameters for the analytical techniques (UV--vis and NMR spectroscopy and high resolution ESI^--^ mass spectrometry), UV--vis, NMR, and additional high resolution ESI^--^ mass spectra, as well as detailed tables of the mass spectrometry analysis and electronic structure calculations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00124/suppl_file/oc8b00124_si_001.pdf))
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